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ABSTRACT Hybrid dysgenesis is manifested as a group of
correlated aberrant genetic traits such as sterility, increased mu-
tation rate, and male recombination. Previous work has shown that
it appears when males of strains carrying either of two indepen-
dent families of transposable elements called I and P factors are
hybridized with females of susceptible strains called R and M, re-
spectively. Here the results of an extensive survey for dysgenic
potential in Drosophila melanogaster strains are reported. Striking
temporal trends in the distribution of strains were observed with
respect to the two transposable element systems; in particular, the
frequency of R and M strains is positively correlated with labo-
ratory age. In recent tests of strain samples, those collected from
nature about 50 years ago were the earliest observed to possess I
characteristics. The I type was increasingly frequent in samples
from strains more recently originating in the wild. This type is ap-
parently ubiquitous in present day natural populations. The P type
was not found in strain samples collected before 1950, and collec-
tions made subsequently showed increasing frequencies of P-fac-
tor activity with decreasing laboratory age. Marked geographical
patterns are documented in the contemporary worldwide distri-
bution of variant strains within the P-M system. M strains are cur-
rently fairly common in natural populations from various parts of
the world, except on the American continent where they are rare.
The degree and distribution of quantitative variation within M and
P strain categories is related to their time of origin in the wild. The
implications of these results are discussed in relation to the hy-
pothesis that hybrid dysgenesis determinants have evolved re-
cently in natural populations and to an alternative hypothesis of
laboratory evolution.

Approximately 9% of the Drosophila melanogaster genome ex-
ists as dispersed moderately repetitive sequences (1). These se-
quences have been grouped into classes based primarily on their
internal structure. Two clearly distinct structural classes of mid-
dle repetitive sequences are the copia-like elements and the
foldback elements. A third class is that constituting the P ele-
ments (2, 3). This is a family of mobile dispersed genetic ele-
ments implicated in the P-M system, one of two systems as-
sociated with the phenomenon of hybrid dysgenesis (4). An
additional class of transposable elements called I factors (5) are
associated with a second system of hybrid dysgenesis, the in-
ducer-reactive (I-R) system. Both genetic and molecular evi-
dence indicates that the two hybrid dysgenesis systems are es-
sentially independent of one another (3, 6).

Although the emphasis in much of previous research on
transposable element families has been on their molecular prop-
erties, we are now beginning to consider the population dy-
namics and possible evolutionary significance of such dispersed
sequences. The phenomenon of hybrid dysgenesis, which ap-

pears in hybrids between certain mutually interacting strains,
offers particular promise for the study of population and evo-
lutionary problems. Hybrid dysgenesis is manifested in a num-
ber of correlated aberrant genetic traits such as high frequencies
of sterility, male recombination, and mutation (4, 5). The spe-
cific sets of traits associated with each of the two hybrid dys-
genesis systems are similar in general properties, but they differ
in detailed characteristics. The genetic events leading to these
traits are almost always restricted to the germ line and to one
of the two classes of hybrids produced by reciprocal crosses be-
tween different interacting strains.

Every strain of D. melanogaster may be characterized with
respect to its potential within each of the two systems of hybrid
dysgenesis. In the P-M system, three classes of strains, P, Q,
and M, have been described on the basis of their functional
properties (6, 7). Hybrids between P strain males and M strain
females show significant frequencies of gonadal sterility (8-10).
Q strains do not show gonadal sterility in any strain combina-
tions but produce male recombination and other dysgenic traits
in crosses with M-strain females. Q strains are hypothesized to
constitute a subset of the P family of elements that have lost
their functional potential for sterility but have retained other P-
element functions. All P and Q strains so far examined carry 30-
50 copies of the P family of transposable elements (3). With one
exception, all long-established laboratory M strains examined
were completely lacking homology with the P-element family
(3). P elements tend to be destabilized in the maternally derived
cytoplasmic background of an M strain (M cytotype) but are sta-
ble within a P strain (P cytotype) (2, 11).

In the I-R system, two main classes of strains have been dis-
tinguished, inducer (I) strains and reactive (R) strains. A third
group, referred to as neutral (N) strains, appears to be a weak
subset of the R class (5). Hybrids between I-strain males and R-
strain females show SF sterility, a type of sterility resulting from
embryo lethality (12) and quite distinct from the gonadal ste-
rility associated with the P-M system (8-10). Unlike the P-M
system, dysgenic traits associated with the I-R system are al-
ways restricted to female hybrids.
The purpose of this paper is to report the results of an ex-

tensive survey of D. melanogaster strains with respect to their
dysgenic potential. Possible implications of the observed his-
torical and geographical patterns of distribution for the evolu-
tion of hybrid dysgenesis are discussed.

MATERIALS AND METHODS
Collection of Strains. The majority of the D. melanogaster

strains used in the survey were obtained with the cooperation
of scientists working with Drosophila throughout the world.
These strains had diverse temporal and geographical origins in
natural populations; the range of laboratory age was from 0 to
60 years, and most major geographical areas of the world were-
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represented. A detailed listing of the individual strains and the
test results on which this survey was based will be published
elsewhere.
Method of Strain Classification. Each strain of unknown

characteristics was tested for its potential with respect to both
hybrid dysgenesis systems. This was accomplished by mass mat-
ings in four separate crosses to standard I, R, P, andM reference
strains. I (inducer) strains were defined as those which pro-
duced <10% eggs that failed to hatch (12) in crosses with males
of the standard I strain, Luminy, but produced at least 10% eggs
that failed to hatch from crosses with females of seF8 or Cock-
aponsett Forest standard R strains. R (reactive) strains were de-
fined as those which had no inducer activity as defined above
but which produced at least 10% eggs that failed to hatch in the
F, female progeny from crosses with Luminy males. N (neutral)
strains produced <10% eggs that failed to hatch in both test
crosses described above. N strains are considered to be a subset
of R strains. P and Q strains were defined as those that pro-
duced, respectively, >10% and <10% rudimentary ovaries (8,
10) in samples of the F1 female progeny from crosses with fe-
males of Canton-S, a standard M strain, but no substantial fre-
quencies of rudimentary ovaries in F1 females from crosses with
males from Harwich, a standard P strain. M strains were defined
as those which had no P strain activity when crossed with Can-
ton-S females but which produced >10% rudimentary ovaries
in the F1 female progeny from crosses with Harwich males. Fre-
quencies of the two types of reduced fertility were estimated
by using developmental temperatures of 20TC and 29TC, re-
spectively. Further details of the reference strains used and
method of classification are provided in ref. 6.
The survey was started in 1977. Strains collected from the

wild before that date had thus been maintained under labora-
tory conditions for variable periods of time prior to classifica-
tion. Strains originating from the wild after that date were tested
and classified as soon as practical after entering our laboratory.
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RESULTS
The tested strains were first analyzed as a single group for tem-
poral trends, irrespective of their geographical origin, and later
divided for further analysis into three major geographical cat-
egories: (i) continental America; (ii) Europe, Africa, and the
Middle East; and (iii) Australia and the Far East.

I-R System. The frequencies of I and R strains according to
their time of origin in the wild are shown in Fig. 1A. The I type
was not represented among the oldest laboratory strains and first
appeared in strains originating in the wild about 1930. In strains
originating during the period 1930-60, R and N types rapidly
decreased, and the I type proportionately increased in fre-
quency with decreasing laboratory age. Furthermore, no strain
originating in the wild during the last decade was clearly iden-
tified as being of the R type. These results are consistent with
those of previous studies of the distribution of I and R strains
in recently derived natural populations (13).
P-M System. Fig. 1B shows the frequency of P andM strains

from all over the world together according to their decade of
origin in the wild. Analogous to the pattern for the I-R system,
there is a striking association of the frequency of P and Q strains
with laboratory age. However, comparison of the distributions
in Fig. 1 A and B provides two notable differences. The earliest
collection to display P orQ activity in recent tests was made about
1950. This was approximately 20 years later than the date of the
earliest collection of a strain showing I factor activity. Also, in
contrast to R strains, M strains exist in present-day natural pop-
ulations.

Temporal changes in the frequencies of P, Q, and M strains
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FIG. 1. Temporal distribution of strains collected worldwide ac-
cording to their potential for the two systems of hybrid dysgenesis. (A)
TheI-R system in which the frequency of unhatched eggs (SF sterility)
was used for strain characterization. (B) TheP-M system in which the
frequency of rudimentary ovaries (GD sterility) was used for strain
characterization. The number of strains tested is indicated above each
point on the graphs.
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FIG. 2. Temporal distribution of strains with respect to their po-
tential for theP-M system. (A) North and South America. (B) Europe,
Africa, and the Middle East. (C) Australia and the Far East. P, Q, and
M strains were defined as in Fig. 1. The number of strains character-
ized is indicated above each point on the graphs.
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were examined separately for each of the three major geograph-
ical areas of the world (Fig. 2 A-C). In contrast to the I-R sys-
tem, there are marked geographical differences in temporal trends
for P, Q, andM strains, particularly between the American con-
tinent and the rest of the world. In the Americas, M strains are
presently very rare in natural populations, and the frequency of
the P type is consistently higher than that of the Q type in strains
originating during the last 30 years. The distributions of strains
from other geographical areas differed from the American dis-
tribution in that P strains were found at only low frequencies and
Q strains showed a progressive increase in frequency during this
same period. In addition, M strains, which were rare in recent
American samples, were present in substantial frequencies in
Europe, Africa, and Australia.

All the data reported in Figs. 1 and 2 were based on the anal-
ysis of wild-type strains. Similar analyses of a sample of long-
established laboratory marker and balancer strains gave the fol-
lowing results. Of 78 strains examined, 54 (70%) were reactive
or neutral and 24 (30%) were inducer. Only one of the same 78
strains was of the P type; the rest were all of the M type. Al-
though the precise dates of synthesis or natural origin of these
strains are unknown, the majority were in existence prior to 1950.
Thus, the frequencies of I and P types within these laboratory
marker strains is in good general agreement with those of wild-
type strains originating during the 1920-1950 period (See Figs.
1 and 2).

Quantitative Changes in P and M Strains. In addition to
qualitative temporal changes in strain distribution, there is evi-
dence that quantitative variation within strain types exists. Fig.
3 A and B shows the distributions of mean sterility frequencies
within samples of M strains that were collected from the wild
before and after 1970, respectively. The strains originating be-
fore 1970 uniformly possessed strong M-strain properties at the
time of testing, whereas those originating more recently from
nature had, on the average, weaker and more variable M prop-
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FIG. 3. Quantitative variation among different M strains accord-
ing to their decade of origin in the wild. (A)M strains collected between
1960 and 1969 (56 tested). (B) M strains collected between 1970 and
1980 (31 tested). The frequency of F1 rudimentary ovaries (GD steril-
ity) was determined by mating females of each strain with males of
Harwich, a standard P strain.

50

30 F

10
4,
4-
0

c

h.
.O-
(n

10

30 _

10_
r,

A

1960- 69

Qf I

50 V 8

1970 - 80

Q

50 100

% GD sterility in F, females

FIG. 4. Quantitative variation among different American P strains
according to their decade of origin in the wild. (A) P and Q strains col-
lected between 1960 and 1969 (16 tested). (B) P and Q strains collected
between 1970 and 1980 (246 tested). The frequency of F1 rudimentary
ovaries (GD sterility) was determined by mating males of each strain
with females of Canton-S, a standard M strain. The frequency of Q
strains is shown by dotted lines at the left of the P-strain histogram.

erties. Detailed analysis of the distribution of sterility frequen-
cies among the F1 hybrid dysgenic progeny of individual fe-
males from a number of weak M strains suggested an occasional
clearcut polymorphism for M and P cytotype but, more often,
continuous quantitative variability in cytotype.
A similar comparison of the distribution of two age groups of

P strains collected in the Americas (Fig. 4A and B) indicates that
P-factor activity of those originating prior to 1970 was, on av-
erage, considerably stronger at the time of testing than that of
those originating in the wild during the last decade.

DISCUSSION
Two main types of hypotheses have been proposed previously
to explain the relationship between strain distribution and lab-
oratory age-the recent-loss hypothesis and the rapid-invasion
hypothesis. The recent-loss hypothesis contends that the ob-
served distribution patterns can be accounted for by changes
that have occurred in the laboratory. It proposes that I and P
elements always have been present in substantial frequencies
in natural populations, at least within recent historical times,
and that the observed changes in the distribution of strains over
the last few decades are the result of loss of I and P elements
because of differences between natural and laboratory condi-
tions. One possible mechanism for this type of change is the sto-
chastic loss of elements in small populations (14). The second
hypothesis, the rapid-invasion hypothesis (3, 6), proposes that,
until recently, I and P elements have been absent or present
only in low frequencies in natural populations of D. melano-
gaster. Further, these I- and P-element families are considered
to have recently spread and rapidly increased in frequency in
the wild. The mechanism of rapid invasion is postulated to be
high efficiency of replicative transposition with or without pos-
itive or negative selection. Although these two main hypotheses

Evolution: Kidwell

=- -1
I
I
I



Proc. Natd Acad. Sci. USA 80 (1983)

for distribution changes are inherently distinct, the rapid-in-
vasion hypothesis and the mechanism of stochastic loss are not
mutually exclusive. The rapid-invasion hypothesis does not rule
out a limited frequency of stochastic loss of I and P elements in
either small isolated natural populations or in laboratory pop-
ulations. It states, however, that such stochastic losses of entire
elements cannot account for the major distributional trends as
shown in Figs. 1 and 2.
The results of the present survey may be explained by either

major hypothesis but in two quite different ways. The changes
in frequency of I and P strains associated with their time of col-
lection from nature may be interpreted in terms of loss of I and
P elements in laboratory environments, P elements being lost,
on average, more quickly than I elements. Alternatively, they
may be interpreted as indicating a rapid recent increase in nat-
ural populations in the frequencies of strains carrying the I and
P families of transposable elements. According to this inter-
pretation, the periods of rapid increase for the two families are
overlapping but not completely synchronous.

There are a number of difficulties in explaining the present
results by complete loss of I and P transposable elements in lab-
oratory cultures. By assuming that the range in P-element copy
number in P and Q strains is 30-50 and that most laboratory M
strains are completely lacking in P elements, as suggested by
recent results (3), then the laboratory evolution hypothesis would
require that each M strain lose every one of the 30-50 copies
of the P element during a short period in the laboratory. A num-
ber of strains have been monitored directly after collection from
the wild at regular intervals during the last 5-10 years. It may
be argued that insufficient time has elapsed to detect changes
with respect to the I-R system in strains originating in the last
decade. However, more rapid loss of P than I elements would
be expected. Although a change from P to M has been observed
in one stock (15), evidence has not been forthcoming that changes
in laboratory stocks have occurred of either a magnitude or con-
sistency of direction required to support the recent-loss model.
On the other hand, the presently reported observation that P-
factor activity is, on average, stronger in older than in younger
laboratory strains is consistent with this model, given that suf-
ficient generations have elapsed.

There are three main conceptual difficulties with the rapid-
invasion hypothesis. First, the low Darwinian fitness of dys-
genic hybrids might be considered to be a sufficient impedi-
ment to the rapid global spread of the I and P transposable ele-
ments. However, transposition frequency may be so high as to
overcome this fitness reduction, particularly under permissive
temperature conditions (6). By using a population genetics model,
it has been shown (16) that selection against heterozygotes car-
rying a transposable element can be offset by a relatively high
rate of transposition. Further, simulation studies by M. K.
Uyenoyama and M. Nei (personal communication) have dem-
onstrated that a transposable element, such as the P factor, can
exist in a population for a long time at low frequencies, which
increase only very slowly (and therefore may not be detected by
limited sampling); above a critical frequency, the element may
increase rapidly and sweep to fixation in a short time period.
The results of a laboratory study (17) provide strong evidence
that changes from the M to P type can occur rapidly, at least in
small populations and under permissive temperature condi-
tions, as proposed by the rapid-invasion hypothesis. The second
difficulty is in relation to the likelihood of global spread of ele-
ments in a short time period. However, D. melanogaster is a
species which is commensal with man, and global migration is
greatly facilitated by intercontinental export of fruits. Both the
geographic variability related to the P-M system and the pres-
ence of M strains in current natural populations are consistent

with the rapid-invasion hypothesis.
The third difficulty is that, if new transposable element sys-

tems invade and accumulate in the genome at a rate of about two
per century as suggested by the rapid-invasion hypothesis, then
the number of elements expected to accumulate per genome
over evolutionary time is unreasonably large. However, we do
not know whether the putative recent invasion of natural pop-
ulations by hybrid dysgenesis determinants is indicative of an
average rate. Recent global environmental changes may have
accelerated substantially the rate of invasion. Alternatively, the
rate observed during a single time period may vary considerably
from the average rate, merely by chance.
An understanding of the evolution of hybrid dysgenesis de-

terminants requires the synthesis of information from both the
population and molecular levels. Recent results on the molec-
ular basis of P-M hybrid dysgenesis suggest that strains func-
tionally characterized as being of theM type are not all identical
at the level of DNA sequences. An exceptional strain has been
observed (3) that was functionally characterized as M but never-
theless had some structural homology with a cloned P element.
It has been hypothesized (3) that this strain carried a deficient
P element that had lost some if not all of its P-factor functions.
It was further hypothesized that, in contrast to most long-es-
tablished laboratory M strains, which completely lack any ho-
mology to the P-element family, a large fraction ofM strains re-
cently collected from nature might be of this type (i.e., func-
tionally M but having some P-element sequences). This pre-
diction has been fulfilled in a preliminary study of a small sam-
ple of M strains from natural populations; four relatively weak
M strains from Australia and Russia were similar to the original
exceptionalM strain in having reiterated copies of the P element
(P. M. Bingham, personal communication).
From this result and other observations indicating the lability

of the P-element family in M cytotype (2, 18), it is suggested that
the quantitative variation observed in M-strain phenotype (Fig.
3) may reflect important underlying qualitative variation at the
molecular level. In contrast to M strains lacking P elements, which
have the potential for the maximum of 100% sterility in dysgenic
hybrid progeny, those with a potential for less than the maxi-
mum sterility may carry a variable number of P elements that
are defective because of deletion of internal element sequences
and that specify corresponding variable degrees of M cytotype.
Thus, the decrease in mean "strength" of M strains during the
last decade (Fig. 3B) may be explained by an increase in fre-
quency of M strains carrying defective P elements relative to
those M strains completely lacking any copies of the P-element
family.

The survey results provided evidence for variation of strain
distribution patterns within the P-M system related to geo-
graphical origin in present-day natural populations. One of the
major implications of this geographical variation is that dysgenic
traits are expected to occur only exceptionally in matings within
or between present-day American natural populations because
of the observed low frequency of M cytotype. This suggests that
the type of mutator activity reported previously (19), if con-
firmed, may have had a different origin. Conversely, hybrid
dysgenesis may be more common in subpopulation crosses in
other parts of the world where polymorphisms for P and M and
for Q and M types exist.
On the basis of the present observations, taken together with

other recent findings (2, 3, 20), an extended version of the rapid
invasion hypothesis is proposed. Prior to about 1930, it is sug-
gested that the I and P families of transposable elements were
absent or present only in low frequencies in all or almost all nat-
ural populations, which were thus essentially of the RM type.
About 50 years ago, I factors began to rapidly invade natural
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populations. The invasion was completed by about 1960 after
which time I strains have been essentially ubiquitous in the wild.
A similar invasion by the P transposable element family is pos-

tulated to have begun about 30 years ago. Further, the originally
invading P element family possessed all or most known functions
of P elements, including the ability to transpose, to achieve cy-

totype conversion, and to induce sterility and other dysgenic
traits. However, individual members of the P-element family
are known to be heterogeneous in size (2, 3) and function (18);
.and it is suggested that loss of some or all of the original func-
tions of P elements (possibly by internal deletion of element
sequences) in M cytotype may have frequently accompanied the
invasion in some geographic areas. This could have. led to the
evolution in some areas of Q strains possessing all functions ex-

cept sterility and in other areas of modified or weak M strains
essentially lacking P functions but having residual homology to
the P element. Thus, the observed present-day polymorphism
for P. Q, and modifiedM strains might be explained by the com-
plete invasion of most natural, populations by the P-element
family. However, the size, structure, and function of individual

elements would be expected to vary widely because of internal
deletion of element sequences.
A mechanism by which successive invasions by transposable

element families, such as the hybrid dysgenesis determinants,
could.lead to partial or complete reproductive isolation has been
proposed (3). After geographic isolation, subpopulations of a single
species are postulated to accumulate different transposable ele-
ment families,. each having the potential for partial hybrid ste-
rility in interpopulation hybrids. On regaining sympatry, the
combined effect of hybrid dysgenesis resulting from the desta-
bilization of multiple transposable element families might, given
sufficient divergence time, result in complete reproductive iso-
lation. Such a process is considered to be typical of a "genomic
disease mechanism," one of several proposed molecular bio-
logical mechanisms of speciation (21). Populations having lost
or failed to acquire a transposable element family are considered
to lack some property of "immunity" to the potential disruptive
action of that family. Germ-line abnormalities would occur in
hybrids between immune and susceptible populations, as de-
fined by the presence or absence of the element, leading to

postzygotic reproductive isolation. One of the current outstand-
ing questions concerns the frequency with which such mech-
anisms exist in Drosophila and other taxa.
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